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Purpose: To conduct a meta-analysis to evaluate how protein hydrolysate and carbohydrate
(CHO) mixtures compare with intact protein CHO mixtures in regards to post-exercise plasma
insulin and glucagon responses in healthy endurance trained male participants. Methods: Studies
were identified via the online databases PubMed, Google scholar, Cochrane, and MDPI.
Investigations that measured insulin and/or glucagon via needle biopsy during recovery (with the
first measurement taken ≤ 30 min post-exercise) following a standardized exercise bout (any
type) with the ingestion of carbohydrate only vs. carbohydrate and protein (pro) were included in
this meta-analysis. Random-effects meta-analyses (CHO+pro vs. CHO only) and subgroup
analyses (CHO+hydrolyzed pro vs. CHO+intact pro) were conducted to evaluate intervention
efficacy. Results: Overall, 33 trials derived from 20 articles were included in this meta-analysis.
Of which 9 trials were included for insulin area under curve (AUC), 9 trials were included for
muscle fractional synthesis rate (FSR), 30 trials were included for plasma glucose peaks over
time, 6 trials were included for muscle glycogen synthesis rate, 8 trials were included for muscle
glycogen storage, and 5 trials were included for plasma glucagon peaks over time. The ingestion
of CHO+pro induced significant higher insulin peaks than the ingestion of CHO only from 30
minutes to 240 minutes postexercise (30-180 min:p < 0.001, 210-240 min: p < 0.01). The

ingestion of CHO+pro also induced significantly higher insulin AUC than the ingestion of CHO
only (the standard mean difference was 2.70, 95% CI 1.25–4.16, p < 0.001; I2 = 90.82%) and
muscle FSR (the standard mean difference was 2.66, 95% CI 1.27–4.05, p < 0.001; I2 = 92.82%).
No differences on insulin peaks over time between the ingestion of CHO+intact pro and
CHO+hydrolyzed pro were found by the subgroup analyses (p > 0.05). On the other hand,
although the ingestion of CHO+pro reported significantly lower plasma glucose peaks from 30 to
120 minutes postexercise (30-90 min: p < 0.001; 120 min: p < 0.01) than the ingestion of CHO
only, no difference on muscle glycogen synthesis rate was found between the intervention and
control group (The standard mean difference was 0.82, 95% CI (-0.41)–2.05, p > 0.05; I2 =
85.53%). Finally, no differences on glucagon peaks between the intervention and control group
from 30 to 60 minutes were found (p > 0.05). Conclusion: The co-ingestion of CHO+pro should
be a better strategy for recovery for endurance-type male athletes than the ingestion of CHO
only. However, more research is warranted to understand whether there are differences between
the ingestion of intact protein and its hydrolyzed counterpart with CHO, or whether the proteininduced thermic effect of food (TEF) should be led by the glucagon responses and could be
beneficial for long term weight management.
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CHAPTER I: INTRODUCTION
Muscle glycogen is the most important fuel source during moderate- to high-intensity
exercise, the amount of which can decrease rapidly during prolonged endurance-type exercise or
high-intensity exercise of relatively short duration (Burke, 2004; van Loon et al., 2000; Ivy et al.,
2003; Jentjens et al., 2003; Kaastra et al., 2006). Carbohydrate (CHO) ingestion plays as a
decisive factor of the rate of muscle glycogen synthesis (Burke et al., 1993; Burke et al., 2004;
Costill et al., 1981), and can effectively reduce postexercise recovery time (Saunders et al.,
2004). Previous studies have reported that the optimal CHO intake should be slightly above 1.2 g
CHO‧kg-1‧h-1 based on no further increase on muscle-glycogen synthesis rate discovered at
1.5~1.6 g‧kg-1‧h-1 and a decrease on the rate when CHO intake is lower at 0.8 g‧kg-1‧h-1 (van
Loon et al., 2000; Howarth et al., 2009; Ivy et al., 1988a; Ivy et al., 1988b; Zawadzki et al.,
1992). Most importantly, CHO should be provided immediately postexercise as the delayed
ingestion of CHO may lead to ~50% lower rates of muscle glycogen synthesis (Jentjenes et al.,
2003). However, how different factors, such as the type of CHO and administration frequency,
moderate the muscle glycogen repletion rate is yet clarified.
Co-Ingestion of Protein
On the other hand, the co-ingestion of protein and CHO is speculated to further accelerate
postexercise muscle glycogen synthesis (van Loon et al., 2000; Zawadzki et al., 1992). Previous
studies have found the rate of muscle glycogen repletion by co-ingestion of CHO with protein is
higher than its isocaloric protein or CHO diet (Zawadzki et al., 1992). Moreover, additional
protein ingestion is critical for skeletal-muscle reconditioning, and can reduce muscle damage
after exercise by simulating muscle protein synthesis (MPS) (Ivy et al., 2003; Koopman et al.,
2007a; Rennie et al., 2000; Saunders et al., 2004; Tipton et al., 2004; Zawadzki et al., 1992). In
1

addition, the effects of the co-ingestion of protein and CHO on glycogen and muscle protein
could be measured by the insulin responses after ingestion (van Loon et al., 2000). A best
example is that Kaastra (2006) found that co-ingestion of a casein protein hydrolysate (0.4 g‧kg1

‧h-1) with CHO (0.8 g‧kg-1‧h-1) induced more than twofold of insulin response than CHO

ingestion only during postexercise recovery in endurance-trained cyclists, and the insulin
response could be further stimulated by the addition of free leucine. It is therefore generally
accepted that sports-recovery supplement should contain both CHO and protein.
Thermic Effect of Food and Glucagon Responses
Another essential aspect of protein ingestion is that protein may play an important role in
weight management. Protein ingestion was found to induce a higher thermic effect of food
(TEF), which may contribute to more than 10% daily energy expenditure (TEE) for endurancetyped athletes (Calcagno et al., 2019; Hill et al., 1984). A reasonable explanation to the proteininduced TEF is that the glucagon concentrations will increase with the elevated plasma amino
acid levels after protein ingestion (Farnfield et al., 2009; Gannon et al., 2010; Ohneda et al.,
1968; Unger et al., 1969; van Loon et al., 2000a) in order to metabolize hepatic amino acids
(Holst et al., 2017). Therefore, by measuring the glucagon responses after protein ingestion, it is
possible to understand how different types of proteins could be helpful for weight management
in endurance-typed athletes.
Benefits of Intact vs. Hydrolyzed Proteins
It is worth noting that proteins can be further categorized into intact and hydrolyzed protein,
also named protein hydrolysate. Protein hydrolysate contains mostly di- and tripeptides, and is
suggested to be absorbed more rapidly than free amino acids and intact proteins, which may lead
to a faster increase in plasma amino acids (Claessens et al., 2008; Koopman et al., 2009;
2

Manninen et al., 2004). Protein hydrolysate has gained success and been widely used for patients
with GI tract disorder as a great protein source due to this higher digestibility than normal intact
proteins (Potier et al., 2008). However, few studies have addressed to whether there are
meaningful differences between the ingestion of intact protein and its hydrolyzed counterpart for
healthy individuals.
Objectives
The aim of the present study was to conduct a meta-analysis to evaluate how protein
hydrolysate CHO mixtures compare with intact protein CHO mixtures in regards to post-exercise
plasma insulin and glucagon responses in healthy endurance trained male subjects. Plasma
insulin responses were used as a measurement of postexercise recovery quality due to a positive
correlation between insulin responses and muscle glycogen repletion and protein synthesis, and
glucagon responses were used to examine the potential influences of protein ingestion on weight
management. The primary outcomes evaluated were the insulin peaks over time and area under
curve (AUC), glucose peaks over time and AUC. Secondary outcomes included muscle glycogen
storage, glycogen synthesis rate, muscle fractional synthesis rate (FSR), and glucagon peaks over
time.
Methods
Eligibility Criteria
Studies published before August 2021 were reviewed. Eligible studies were Englishlanguage reports of insulin and/or glucagon response after post-exercise interventions conducted
with healthy trained male subjects. Only peer reviewed, randomized controlled trials (RCTs)
were included. Studies must be done with healthy trained male subjects age 18-65. Since the
definition of a trained individual is not consistent among different articles, for the purpose of this
3

meta-analysis, anytime authors described their sample as trained, or included professional or
college-level athletes, they were considered trained individuals. If a sample was only described
as healthy adults or subjects, or as adults who were obese or insulin-resistant, they were
excluded. The supplementation type was liquid only. In this research, protein hydrolysates are
defined as a complex mixture of oligopeptides, peptides, and free amino acids that are produced
by partial or extensive hydrolysis. Articles collected might or might not contain muscle glycogen
storage, glycogen synthesis rate, and muscle FSR, which were included as secondary outcomes if
present.
No restrictions on the concentration and frequency of each macronutrient intake were made.
Studies that were not RCTs, were unrelated to the topic, duplicated, if only the abstract was
available and full texts could not be accessed, if the sample contained unhealthy or obese
individuals, or provide no insulin or glucagon response were excluded from this research. All
units were integrated to be effectively measured and compared. Insulin concentration unit is
presented in pmol/L, insulin AUC unit is integrated as pmol/L · hour, and the unit of glucagon
peaks over time is presented in ng/L. For the secondary outcomes, muscle FSR is presented in
change in percentage over time (%/hour), plasma glucose concentrations is presented in mM, and
the units of muscle glycogen storage and muscle glycogen synthesis rate are presented in µmol/g
per kg body weight and µmol glycosol units/g (dry weight)·hour, respectively.
Information Sources and Electronic Search Strategies
Studies for potential inclusion were found by searching the following electronic databases:
PubMed, Google scholar, Cochrane, and MDPI. To enlarge the scope of studies beyond previous
reviews and thus avoid biases introduced by narrow searches, two search strategies were
employed. Information sources included electronic databases and author searches. Search terms
4

included protein terms (protein*, intact protein*, protein hydrolysate*, hydrolyzed protein*,
hydrolysed protein*), amino acids terms (amino acid*, free amino acid*), insulin terms (insulin*,
insulin response*, insulin level*, hormone*, hormonal), glucagon terms (glucagon*, glucagon
response*, glucagon level*, hormone*, hormonal), and athlete terms (athlete*, trained men,
trained individual*, trained subject*, male athlete*, trained male, trained male individual*). To
avoid missing potential primary studies, search terms such as insulin and glucagon were used
asynchronously with protein terms because insulin and glucagon are usually not measured in the
same article. Computerized author searches were completed for corresponding authors of eligible
studies. Although time consuming, these diverse comprehensive search procedures are important
because no single approach locates most eligible studies, and the pattern of bias varies among
search mechanisms.
Study Selection
A staged eligibility determination process was used to identify eligible studies for this
meta-analysis. The staged process was used to ensure all eligible studies for any part of the
parent project reached the coding phase. First, title and abstracts were reviewed for visual heralds
suggesting a potentially eligible study. Second, full reports were examined to determine whether
the study included a post-exercise (usually involved cycling until depletion) protein intervention
in healthy male subjects. Third, potential primary studies were examined for any eligible
outcome (insulin/glucagon response over time/AUC) for the parent study. Fourth, studies were
sorted by the type of protein supplementation (protein hydrolysate or intact protein). Fifth,
potential primary studies were evaluated to calculate insulin and glucagon response over time
and AUC to identify the optimal type of post-exercise protein mixture. Finally, studies that
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included secondary outcomes were evaluated and recalculated to compare with the results of
primary outcomes.
Data Collection Process
Raw data was mainly obtained from the research articles. For eligible studies without
complete data presented in tables/narratives, author was contacted via e-mail or the data was
extracted from graphs using Web plot digitizer. All included papers were subject to an
assessment of risk of bias based on guidelines outlined by the Cochrane Handbook for
Systematic Reviews of Interventions (Cochrane Collaboration, 2007). To assess for risk of
publication bias, study sample size and effect sizes were evaluated using a funnel plot
(Borenstein et al., 2009).
Data Analysis
To examine the research question, a random-effects mean-comparison meta-analysis was
conducted to assess if differences exist on the post-exercise insulin and glucagon responses by
the ingestion of protein hydrolysate as compared to intact protein with CHO mixtures across the
studies retrieved in R studio. As part of analyses an overall effect size and confidence intervals
were calculated in order to determine how the post-exercise insulin and glucagon responses
varies across independent variables in the studies retrieved. If the confidence interval straddled 0,
the differences between different protein hydrolysate, amino acids, and CHO mixtures were
deemed non-significant. If the confidence interval did not straddle 0, that indicated the overall
effect size represents a significant difference.
Methods of Analysis


Research Question and Hypothesis.

Does protein hydrolysate ingestion cause

higher post-exercise plasma insulin and glucagon response than intact protein in
6

healthy trained male subjects? The primary outcome measures were the insulin peaks
over time, insulin AUC, and glucagon peaks over time.


RQ: Is there a statistically significant difference on the post-exercise insulin peaks
over time, insulin AUC, and glucagon peaks over time by the ingestion of different
protein hydrolysate, amino acid, and CHO mixtures within the existing research? If so,
what is the strength of that effect?



H o : There is not a statistically significant difference on the post-exercise insulin peaks
over time, insulin AUC, and glucagon peaks over time by the ingestion of protein
hydrolysate as compared to intact protein with CHO mixtures in the existing research.



H a : There is a statistically significant difference on the post-exercise insulin peaks
over time, insulin AUC, and glucagon peaks over time by the ingestion of protein
hydrolysate as compared to intact protein with CHO mixtures in the existing research.
Such that ingestion of protein hydrolysate mixtures is associated with both higher
insulin and glucagon peaks and larger insulin AUC compared to that of intact proteins.
Results

Overview of Included Studies
The databases included Google Scholar, Pubmed, Cochrane, and MDPI. Every search was
sorted by relevance, and is worth noticing that any search using the term “hydrolysed” returned a
similar result as using the term “hydrolysate”.
Google Scholar starts to provide irrelevant articles or non-English articles after page 100.
To limit the returned results within 100 pages (which is around 1000 results in total for each
search), a search term: “protein hydrolysate trained carbohydrate insulin OR glucagon” was used
at the beginning to identify any article that included the two major outcomes – insulin or
7

glucagon. The search stopped at page 100 as expected, with 133 publications identified. To
possibly limit the subjects as trained individuals and to include ingestions of protein and CHO
mixtures, another search term “postexercise” was added into the previous search term to further
identified any article possibly conducted under postexercise condition (the exercise usually
involved cycling until depletion). Among the 4200 returned results, 89 possibly eligible studies
were identified before reaching the 100-page limit. Next, a search term “protein hydrolysate
postexercise trained carbohydrate “glucagon”” was used to identify articles that mentioned
glucagon. Only 1 article was identified among 1040 returned results this time. During this
process, many returned articles were found to be animal-based studies or had investigations on
unhealthy subjects. Therefore, to avoid a massive irrelevant results when using the term
“protein”, other terms such as “rats,” “overweight,” “patients,“ “infants,” “interpolymer,” etc.
had to be introduced as exclusion criteria in combination with the main terms “protein
carbohydrate insulin OR glucagon” for advanced search. There were six possibly eligible articles
identified after trying different combinations of exclusion terms. The most general search term
on the title “protein hydrolysate insulin OR glucagon” was used at the end to scan for the
remaining articles. No additional possible articles were found. Finally, the author searches were
introduced to search for any relevant articles published by the authors of the identified articles.
Eventually, 6 articles were identified. For Pubmed, only the term “(((((protein[Title/Abstract])
AND (carbohydrate[Title/Abstract])) AND (postexercise[Title/Abstract])) AND (insulin))) OR
(glucagon)” was used to search for articles that have protein, carbohydrate, and postexercise on
the title and have the descriptions of postexercise and insulin in their contents. Filters – Full text,
free full text, and randomized controlled trials were applied. Among 913 returned results, 9
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articles were identified. However, 6 articles were duplicated. Then the author search was used,
which returned no result.

For Cochrane, which is the combination of the databases Pubmed, Embase, CT.gov, ICTRP,
and CINAHL, “protein in Title Abstract Keyword AND carbohydrate in Title Abstract Keyword
AND postexercise in Title Abstract Keyword AND insulin in All Text OR glucagon in All Text”
was used for advanced search. 27 articles were identified among 6986 returned results during the
search, of which 17 articles were duplicated. Finally, the author search was introduced with a
sorting rule that the article should at least include “protein” and “carbohydrate” in its text. 5
potential articles were identified, of which 3 articles were duplicated.
9

In the end, for the database of MDPI, the term “Title/Keyword: Protein hydrolysate AND
carbohydrate IN FULL TEXT AND postexercise IN ABSTRACT” with a sorting rule of
returning article only was used and returned 69 results, of which 10 eligible articles were
identified with 2 articles duplicated.
Overall, 286 potential articles were identified, of which 28 articles were duplicated. After
excluding the duplicated articles, 258 were screened, and all the abstracts were reviewed. At this
point, 194 articles were excluded, and the remaining 63 articles were reviewed by following all
the screening processes. 44 studies were finally excluded because their study design did not meet
with the eligible criteria of this study. Among the 44 publications, 12 studies were excluded
because of ineligible study design, which means that the subjects from the excluded studies
included both genders. Studies that included before and during-exercise supplementations, or
included untrained subjects, are also excluded and be categorized as ineligible study design.
Another 13 studies were excluded because of ineligible types of supplements which contained
lipids. 15 studies were excluded because of the inclusion of untrained subjects. Finally, 4 studies
were excluded because of not having expected variables (insulin or glucagon response),
unobtainable data, duplicated results, or having abstract only, respectively. Overall, 33 trials
derived from 20 articles were included in this meta-analysis (See Table 1 & Table 2). 32 trials
were included for insulin peaks over time and subgroup analyses, 9 trials were included for
insulin AUC, 9 trials were included for muscle FSR, 30 trials were included for plasma glucose
peaks over time, 6 trials were included for muscle glycogen synthesis rate, 8 trials were included
for muscle glycogen storage, and 5 trials were included for plasma glucagon peaks over time.
However, no publication reported glucagon AUC. In addition, since there are only 8 trials with
high discreteness on numbers between each trial, the data of muscle glycogen storage are only
10

listed on table 8 as supplement. The missing standard deviations (SD) in any trials were replaced
by the average score of all the available SDs at the indicated time.
Plasma Insulin Peaks Over Time
Analyses were conducted to examine variations in plasma insulin peaks at 30, 60, 90, 120,
150, 180, 210, 240 minutes. Overall, 32 trials (n = 313/each group) derived from 20 publications
investigating the plasma insulin responses over time after the ingestion of carbohydrate and
intact protein or protein hydrolysate mixture were included. The mean CHO intake was 0.91
g·kg BM-1 h-1 (range 0.3-1.2 g·kg BM-1 h-1). It is worth noting that 11 trials used isocaloric CHO
control group, which means the total amount of CHO in the control group is the same as the
amount of CHO and protein/and amino acids combined in the experimental group. The mean
post-exercise recovery time was 2.64 h (range 1.0-5.0 h). The mean protein plus amino acid
intake was 0.31 g·kg BM-1 h-1 (range 0.13-0.8 g·kg BM-1 h-1). In order to make all data
consistent in having only one peak over the testing periods, the data of 2 trials (Cogan et al.,
2018) were streamlined, and only the data from the first two hours during recovery were adopted
in this study. On average, the mean insulin concentrations of all the included trials were 35.51
pmol/L (range 2.0-111.5 pmol/L) and 35.17 pmol/L (range 2.0-111.5 pmol/L) for CHO+pro and
CHO control groups, respectively.
Plasma Insulin Peaks at 30 Minutes
27 trials (n = 271/each group) reported insulin peaks at 30 minutes, of which 3 trials were
coming from the same publication of the data at 40 minutes (Churchward-Venne et al., 2020).
The mean CHO intake was 0.82 g·kg BM-1 h-1 (range 0.47-1.2 g·kg BM-1 h-1). 9 trials were using
an isocaloric CHO control group. The mean protein plus amino acid intake was 0.33 g·kg BM-1
h-1 (range 0.13-0.8 g·kg BM-1 h-1). The mean insulin concentrations were 245.94 pmol/L (range
11

24.6-557.2 pmol/L) and 169.64 pmol/L (range 17.8-368.6 pmol/L) for CHO+pro and CHO
control groups, respectively. The result indicated that the ingestion of protein/and amino acid
with carbohydrate does induce a significantly higher insulin response than the ingestion of CHO
only at 30 minutes (the standard mean difference was 1.7379, 95% CI 1.2221–2.2538, p <
0.001; I2 = 84.12%). (See figure 1 and figure 2)
Plasma Insulin Peaks at 60 Minutes
All 32 (n = 313/each group) trials reported insulin peaks at 60 minutes. The mean CHO
intake was 0.91 g·kg BM-1 h-1 (range 0.3-1.2 g·kg BM-1 h-1). 11 trials were using an isocaloric
CHO control group. The mean protein plus amino acid intake was 0.31 g·kg BM-1 h-1 (range
0.13-0.8 g·kg BM-1 h-1). The mean insulin concentrations were 245.68 pmol/L (range 43.3-552.6
pmol/L) and 161.63 pmol/L (range 26.9-406.5 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 60 minutes
(the standard mean difference was 1.6611, 95% CI 1.1864–2.1357, p < 0.001; I2 = 84.18%). (See
figure 3 and figure 4)
Plasma Insulin Peaks at 90 Minutes
19 (n = 184/each group) trials reported insulin peaks at 90 minutes. The mean CHO intake
was 0.89 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 9 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.33 g·kg BM-1 h-1 (range 0.13-0.8
g·kg BM-1 h-1). The mean insulin concentrations were 329.25 pmol/L (range 67.9-717 pmol/L)
and 216.1 pmol/L (range 55.6-464.4 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 90 minutes
12

(the standard mean difference was 1.54, 95% CI 0.90–2.18, p < 0.001; I2 = 85.35%). (See figure
5 and figure 6)
Plasma Insulin Peaks at 120 Minutes
23 trials (n = 211/each group) reported insulin peaks at 120 minutes. The mean CHO intake
was 0.90 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 9 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.31 g·kg BM-1 h-1 (range 0.13-0.8
g·kg BM-1 h-1). The mean insulin concentrations were 348.15 pmol/L (range 39.3-794.4 pmol/L)
and 226.88 pmol/L (range 46.1-576 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 120
minutes (the standard mean difference was 1.54, 95% CI 0.99–2.10, p < 0.001; I2 = 82.88%).
(See figure 7 and figure 8)
Plasma Insulin Peaks at 150 Minutes
15 trials (n = 144/each group) reported insulin peaks at 150 minutes. The mean CHO intake
was 0.97 g·kg BM-1 h-1 (range 0.47-1.2 g·kg BM-1 h-1). 9 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.30 g·kg BM-1 h-1 (range 0.13-0.4
g·kg BM-1 h-1). The mean insulin concentrations were 500.84 pmol/L (range 40.2-978.6 pmol/L)
and 327.37 pmol/L (range 54.7-797.4 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 150
minutes (the standard mean difference was 2.00, 95% CI 1.12–2.89, p < 0.001; I2 = 88.78%).
(See figure 9 and figure 10)
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Plasma Insulin Peaks at 180 Minutes
18 trials (n = 156/each group) reported insulin peaks at 180 minutes. The mean CHO intake
was 0.99 g·kg BM-1 h-1 (range 0.77-1.2 g·kg BM-1 h-1). 9 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.30 g·kg BM-1 h-1 (range 0.13-0.4
g·kg BM-1 h-1). The mean insulin concentrations were 449.2 pmol/L (range 129.3-972.6 pmol/L)
and 326.19 pmol/L (range 145.2-844.2 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 180
minutes (the standard mean difference was 1.34, 95% CI 0.67–2.02, p < 0.001; I2 = 84.81%).
(See figure 11 and figure 12)
Plasma Insulin Peaks at 210 Minutes
6 trials (n = 64/each group) reported insulin peaks at 210 minutes. The mean CHO intake
was 0.95 g·kg BM-1 h-1 (range 1.04-1.2 g·kg BM-1 h-1). 4 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.32 g·kg BM-1 h-1 (range 0.16-0.4
g·kg BM-1 h-1). The mean insulin concentrations were 434.1 pmol/L (range 78.8-873 pmol/L)
and 294.42 pmol/L (range 87.7-762 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 210
minutes (the standard mean difference was 1.25, 95% CI 0.13–2.38, p < 0.01; I2 = 86.89%). (See
figure 13 and figure 14)
Plasma Insulin Peaks at 240 Minutes
9 trials (n = 72/each group) reported insulin peaks at 240 minutes. The mean CHO intake
was 0.96 g·kg BM-1 h-1 (range 0.77-1.2 g·kg BM-1 h-1). 4 trials were using an isocaloric CHO
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control group. The mean protein plus amino acid intake was 0.26 g·kg BM-1 h-1 (range 0.13-0.4
g·kg BM-1 h-1). The mean insulin concentrations were 329.64 pmol/L (range 35.8-735.6 pmol/L)
and 253.08 pmol/L (range 60.5-660.6 pmol/L) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher insulin response than the ingestion of CHO only at 240
minutes (the standard mean difference was 0.81, 95% CI 0.14–1.48, p < 0.01; I2 = 71.16%). (See
figure 15 and figure 16)
Plasma Insulin Peak Subgroup Tests
Subgroup analyses was applied in order to testify the difference between the ingestion of
intact and hydrolyzed proteins for postexercise insulin responses at 30, 60, 90, and 120 minutes.
No significant difference was found on plasma insulin responses between the ingestion of intact
and hydrolyzed proteins from 30 to 120 minutes (at 30 minutes, 𝜒𝜒 1 2 = 0.08, df = 1, p > 0.05; At
60 minutes, 𝜒𝜒 1 2 = 0.01, df = 1, p > 0.05; 90 minutes, 𝜒𝜒 1 2 = 0.70, df = 1, p > 0.05; 120 minutes,

𝜒𝜒 1 2 = 2.71, df = 1, p > 0.05). (See figure 17 and figure 20)

Insulin Area Under Curve (Insulin AUC)

9 trials (n = 82/each group) derived from 5 publications investigated the plasma insulin
AUC after the ingestion of carbohydrate and protein hydrolysate mixture. This part of analysis
does not include the data of intact proteins. The mean CHO intake was 1.07 g·kg BM-1 h-1 (range
0.8-1.2 g·kg BM-1 h-1). The mean post-exercise recovery time was 3.4 h (range 3.0-5.0 h). Data
of the included trials are summarized in table 3.
The unit of insulin AUC is reported as nmol·L-1 h-1 in this meta-analysis. The mean insulin
AUCs of all the included trials were 84.61 nmol·L-1 h-1 (range 42.1-114.3 nmol·L-1 h-1) and 51.2
nmol·L-1 h-1 (range 36.4-113.9 nmol·L-1 h-1) for CHO+pro and CHO control groups,
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respectively. The result indicated that the ingestion of protein/and amino acid with carbohydrate
does induce a significantly higher overall insulin response than the ingestion of CHO only (the
standard mean difference was 2.70, 95% CI 1.25–4.16, p < 0.001; I2 = 90.82%). (See Figure 21
and figure 22)
Muscle Fractional Synthesis Rate (Muscle FSR)
9 trials (n = 100/each group) derived from 5 publications which only investigated the
muscle FSR after the ingestion of intact proteins were included. The mean CHO intake was 0.64
g·kg BM-1 h-1 (range 0.3-1.2 g·kg BM-1 h-1). The mean post-exercise recovery time was 2.9 h
(range 2.0-4.0 h). Data of the included trials are summarized in table 4.
The unit of muscle FSR is reported as %·h-1 in this meta-analysis. The mean muscle FSRs
of all the included trials were 0.07 %·h-1 (range 0.051-0.1 %·h-1) and 0.056 %·h-1 (range 0.040.082 %·h-1) for CHO+pro and CHO control groups, respectively. The result indicated that the
ingestion of protein/and amino acid with carbohydrate does induce a significantly higher muscle
FSR than the ingestion of CHO only (the standard mean difference was 2.66, 95% CI 1.27–
4.05, p < 0.001; I2 = 92.82%). (See figure 23 and figure 24)
Plasma Glucose Peaks Over Time
Analyses were conducted to examine variations in plasma glucose peaks at 30, 60, 90, 120
minutes. The analysis stopped at 120 minutes since there were only a few numbers of data
coming from limited types of protein hydrolysates. 30 trials (n = 295/each group) derived from
18 publications which investigated the plasma insulin responses over time after the ingestion of
carbohydrate and intact protein or protein hydrolysate mixture were included. The mean CHO
intake was 0.82 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 9 trials were using an isocaloric
CHO control group. The mean post-exercise recovery time was 2.43 h (range 1.0-5.0 h). The
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mean protein plus amino acid intake was 0.31 g·kg BM-1 h-1 (range 0.13-0.8 g·kg BM-1 h-1). In
order to make all data consistent in having only one peak over the testing periods, the data of 3
trials (2 trials were from Cogan et al., 2018, and 1 trial was from Zawadzki et al., 1992) were
streamlined, and only the data from the first two hours during recovery were adopted in this
study. On average, the mean plasma glucose concentrations of all the included trials were 3.75
mM (range 0.29-5.71 mM) and 3.82mM (range 0.87-5.94 mM) for CHO+pro and CHO control
groups, respectively. Data of the included trials are summarized in table 5.
Plasma Glucose Peaks at 30 Minutes
26 trials (n = 265/each group) reported glucose peaks at 30 minutes, of which 3 trials were
coming from the same publication of the data at 40 minutes (Churchward-Venne et al., 2020).
The mean CHO intake was 0.81 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 9 trials were using
an isocaloric CHO control group. The mean protein plus amino acid intake was 0.33 g·kg BM-1
h-1 (range 0.13-0.8 g·kg BM-1 h-1). The mean plasma glucose concentrations were 6.4 mM (range
3.8-8.1 mM) and 7.21 mM (range 4.58-9.56 mM) for CHO+pro and CHO control groups,
respectively. The result indicated that the ingestion of CHO only induced a significantly higher
plasma glucose response than the ingestion of Protein/and amino acid with CHO at 30 minutes
(the standard mean difference was (-1.42), 95% CI (-2.02)–(-0.83), p < 0.001; I2 = 87.97%). (See
figure 25 and figure 26)
Plasma Glucose Peaks at 60 Minutes
30 trials (n = 295/each group) reported glucose peaks at 60 minutes. The mean CHO intake
was 0.82 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 9 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.31 g·kg BM-1 h-1 (range 0.13-0.8
g·kg BM-1 h-1). The mean plasma glucose concentrations were 5.72 mM (range 3.13-8.17 mM)
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and 6.62 mM (range 4.52-9.16 mM) for CHO+pro and CHO control groups, respectively. The
result indicated that the ingestion of CHO only induced a significantly higher plasma glucose
response than the ingestion of Protein/and amino acid with CHO at 60 minutes (the standard
mean difference was (-1.80), 95% CI (-2.31)–(-1.29), p < 0.001; I2 = 84.48%). (See figure 27 and
figure 28)
Plasma Glucose Peaks at 90 Minutes
19 trials (n = 183/each group) reported glucose peaks at 60 minutes. The mean CHO intake
was 0.88 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 8 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.32 g·kg BM-1 h-1 (range 0.13-0.8
g·kg BM-1 h-1). The mean plasma glucose concentrations were 5.99 mM (range 3.87-8.11 mM)
and 6.57 mM (range 4.16-8.77 mM) for CHO+pro and CHO control groups, respectively. The
result indicated that the ingestion of CHO only induced a significantly higher plasma glucose
response than the ingestion of Protein/and amino acid with CHO at 90 minutes (the standard
mean difference was (-1.35), 95% CI (-1.90)–(-0.80), p < 0.001; I2 = 81.21%). (See figure 29 and
figure 30)
Plasma Glucose Peaks at 120 Minutes
22 trials (n = 205/each group) reported glucose peaks at 120 minutes. The mean CHO intake
was 0.89 g·kg BM-1 h-1 (range 0.4-1.2 g·kg BM-1 h-1). 8 trials were using an isocaloric CHO
control group. The mean protein plus amino acid intake was 0.31 g·kg BM-1 h-1 (range 0.13-0.8
g·kg BM-1 h-1). The mean plasma glucose concentrations were 5.62 mM (range 3.54-8.17 mM)
and 5.93 mM (range 3.61-8.43 mM) for CHO+pro and CHO control groups, respectively. The
result indicated that the ingestion of CHO only induced a significantly higher plasma glucose
response than the ingestion of Protein/and amino acid with CHO at 120 minutes (the standard
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mean difference was (-0.58), 95% CI (-1.04)–(-0.12), p < 0.01; I2 = 78.59%). (See figure 31 and
figure 32)
Muscle Glycogen Synthesis Rate
6 trials (n = 46/each group, 5 trials were protein hydrolysates and 1 trial was intact protein)
derived from 5 publications were included. The mean CHO intake was 0.90 g·kg BM-1 h-1 (range
0.2-0.3 g·kg BM-1 h-1). The mean post-exercise recovery time was 2.92 h (range 1.0-4.0 h). Data
of the included trials are summarized in table 6.
The unit of muscle glycogen synthesis rate is reported as μmol·g muscle protein·h-1 in this
meta-analysis. The mean muscle glycogen synthesis rates of all the included trials were 37.5
μmol·g muscle protein·h-1 (range 33-52.1 μmol·g muscle protein·h-1) and 34.87 μmol·g muscle
protein·h-1 (range 25.7-47.9 μmol·g muscle protein·h-1) for CHO+pro and CHO control groups,
respectively. The result shows no significant difference on muscle glycogen synthesis rate
between the ingestion of Protein/and amino acids with carbohydrate and CHO only (The
standard mean difference was 0.82, 95% CI (-0.41)–2.05, p > 0.05; I2 = 85.53%). (See figure 33
and figure 34)
Plasma Glucagon Peaks Over Time
The unit of glucagon is reported as ng/L in this meta-analysis. Analyses were conducted to
examine variations in plasma glucagon peaks at 30 and 60 minutes. The analysis stopped at 60
minutes since there were only limited numbers of articles. 5 trials (n = 58/each group, 4 trials
were protein hydrolysates and 1 trial was intact protein) derived from 4 publications were
included. The mean CHO intake was 0.64 g·kg BM-1 h-1 (range 0.47-1.0 g·kg BM-1 h-1). 3 trials
were using an isocaloric CHO control group. The mean post-exercise recovery time was 1.8 h
(range 1.0-4.0 h). The mean protein plus amino acid intake was 0.31 g·kg BM-1 h-1 (range 0.1319

0.8 g·kg BM-1 h-1). On average, the mean muscle glycogen synthesis rates of all the included
trials were 37.5 ng/L (range 33-52.1 ng/L) and 34.87 ng/L (range 25.7-47.9 ng/L) for CHO+pro
and CHO control groups, respectively. Data of the included trials are summarized in table 7.
Plasma Glucagon Peaks at 30 Minutes
5 trials (n = 58/each group) reported plasma glucagon peaks at 30 minutes. The mean CHO
intake was 0.64 g·kg BM-1 h-1 (range 0.47-1.0 g·kg BM-1 h-1). 3 trials were using an isocaloric
CHO control group. The mean protein plus amino acid intake was 0.24 g·kg BM-1 h-1 (range
0.13-0.4 g·kg BM-1 h-1). The mean plasma glucose concentrations were 87.3 ng/L (range 68.4118.1 ng/L) and 70.34 ng/L (range 49.4-83.7 ng/L) for CHO+pro and CHO control groups,
respectively. The result shows no significant difference on plasma glucagon responses between
the ingestion of Protein/and amino acids with carbohydrate and CHO only at 30 minutes (the
standard mean difference was 0.99, 95% CI (-0.09)–2.06, p > 0.05; I2 = 84.56%). (See figure 35
and figure 36)
Plasma Glucagon Peaks at 60 Minutes
5 trials (n = 58/each group) reported plasma glucagon peaks at 60 minutes. The mean CHO
intake was 0.64 g·kg BM-1 h-1 (range 0.47-1.0 g·kg BM-1 h-1). 3 trials were using an isocaloric
CHO control group. The mean protein plus amino acid intake was 0.24 g·kg BM-1 h-1 (range
0.13-0.4 g·kg BM-1 h-1). The mean plasma glucose concentrations were 79.36 ng/L (range 50.593.3 ng/L) and 67.94 ng/L (range 38.5-82.1 ng/L) for CHO+pro and CHO control groups,
respectively. The result shows no significant difference on plasma glucagon responses between
the ingestion of Protein/and amino acids with carbohydrate and CHO only at 60 minutes (the
standard mean difference was 0.85, 95% CI (-0.04)–1.73, p > 0.05; I2 = 78.57%). (See figure 37
and figure 38)
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Discussion
The present systematic review and meta-analysis analyzed the effects of consuming CHO
(in isolation) and CHO+PRO on the plasma insulin, glucose, and glucagon responses, and the
muscle protein and glycogen repletion efficiency during short-term post-exercise recovery in
order to further evaluate the difference between the ingestion of CHO+Intact pro and
CHO+hydrolyzed pro. Overall, the ingestion of CHO+PRO was found to have significantly
higher insulin responses than the ingestion of CHO alone. The analysis of insulin AUC also
confirmed the same overall significantly higher insulin response by the ingestion of CHO+PRO.
On the other hand, the ingestion of CHO+PRO does induce a significantly higher muscle FSR
than the ingestion of CHO alone. Both results are in line with the conclusions made by Howarth
(2009) that the ingestion of protein with CHO increased muscle FSR and improved whole body
net protein balance. However, no significant difference on plasma insulin responses over time
between the ingestion of intact and hydrolyzed proteins was found by the heterogeneity and
subgroup analysis. Of note, this lack of significant differences could be in part because of the
small sample sizes in many of the included trials, the limited number of included studies, or the
discrepancies in the intervals of beverage administration. It is worth noting that
CHO+hydrolyzed pro may produce more stable and concentrated insulin responses than
CHO+intact pro, although there was no significant difference. Furthermore, the ingestion of
CHO+hydrolzyed pro also shows higher, not significantly, insulin peaks after two hours.
However, the mechanism remains incompletely elucidated. Perhaps this small difference could
be influential to subsequent endurance capacity.
The plasma glucose responses of the ingestion of CHO only were as expected and
significantly higher than the ingestion of protein with CHO since the plasma glucose
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concentration directly reflects the overall amount of CHO intake. This significant difference is
also underestimated since less than half of the included publications were using an isocaloric
CHO control group. If more isocaloric CHO control groups were used, the final glucose
responses of the ingestion of CHO should lead to more apparently higher plasma glucose
responses than the ingestion of CHO+pro. However, although the presence of a significantly
higher plasma glucose level was found, no significant difference on muscle glycogen synthesis
rate was found between the ingestion of CHO+pro and CHO only. This result is in line with the
results of previous studies (Cogan et al., 2018; Kaastra et al., 2006; Sollie et al., 2018). The
possible explanation is that the increased insulin concentrations induced by the ingestion of
CHO+pro may further augment glycogen synthase activity and accelerate the muscle glycogen
metabolism (Kaastra et al., 2006; van Loon et al., 2000a; van Hall et al., 2000a). Therefore, due
to this increased insulin response, the ingestion of CHO+pro shares a similar post-exercise
muscle glycogen amount as the ingestion of CHO only.
Overall, with muscle protein synthesis stimulation being a key to attenuation of exerciseinduced muscle damage and muscle glycogen concentrations to be decisive in muscle fatigue,
CHO+pro should be a better strategy for short-term postexercise recovery for endurance-trained
athletes or the individuals who has the pressure on maintaining their muscle mass after training.
Unfortunately, there was insufficient data on postexercise plasma glucagon responses with
the ingestion of protein with CHO to conduct meaningful meta-analyses. Only 3 out of 20
publications included plasma glucagon responses over time, and none of these studies reported
glucagon AUC. This is likely due to the difficulty and imprecision in measuring in vivo glucagon
levels. One reason is that circulating glucagon concentrations are in the low picomolar range,
which is around 16-17 pmol/L (Holst et al., 2017). Another reason is that many proglucagon
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substances also contain glucagon-like sequences and can react with reagent chemicals (Wewer
Albrechtsen et al., 2016), which makes measuring plasma glucagon concentrations more
challenging. The included trials reported no significant difference on plasma glucagon responses
between the ingestion of CHO+pro and CHO only. More research is warranted to determine
whether the hypotheses that the protein-induced TEF should be led by the glucagon response is
correct and could be beneficial for long term weight management by involving more subjects and
a stricter testing procedure.
Finally, the funnel plot analysis revealed a trend that the studies with high standard errors
(which may have been in part a function of lower sample sizes) were more likely to show
stronger effects than the studies with lower standard errors. Only the funnel plots of plasma
glucose responses presented an opposite trend. The asymmetry detected in these funnel plots
may have been due to true heterogeneity with I2 > 80% for most cases in this meta-analysis.
Though this could also represent evidence of a publication bias for statistically significant results
(Borenstein et al., 2009).
Limitations
This study only included published research, which may introduce published bias. In
addition, there are more relevant studies published in other languages such as Mandarin or
French. Relevant publications may therefore be omitted since this study only included
publications written in English. There were also diverse units reported resulting in exclusion of
some trials from analyses because of the difficulty to convert and unify the units. A limited
number of publications in this field also limited the number of analyses. The inability to conduct
the analysis of muscle glycogen storage and subgroup tests for glucose or muscle fractional
synthesis to determine the differences between the ingestion of intact protein and its hydrolysate
23

are examples of this case. Moreover, the limited numbers of included trials could not minimize
the power of individual difference made by the subjects, which could be the reason of no
significant difference of some results. On the other hand, bias may still happen due to a lack of
report of standard deviations from some included trials as these missing numbers were
substituted by the mean value of the sum of the existing standard deviations in this metaanalysis.
Finally, this meta-analysis doesn’t include the data of gene expressions although this was
discussed in some studies. The gene expression data might also be a good indicator of muscle
protein repairing condition, but since many studies focus on different genes, this index was not
included in this study.
Recommendation for Future Research and Reporting
For the future, studies should at least involve a larger number of subjects to decrease the
power of individual discrepancies to the results. In addition, an isocaloric control group should
be applied to make the overall energy intake comparable to the protein groups. On the other
hand, the time of supplement administration is controversial. Most of the included publications
had multiple administration times of the supplements in order to further enhance muscle
glycogen re-synthesis rate by prolonging the elevation of plasma glucose and insulin
concentrations (Jentjens et al., 2003). In another meta-analysis, Craven (2021) predicted a nearly
11 mmol·kg dm−1 h−1 increase in the rate of muscle glycogen re-synthesis when trials administer
CHO at an interval of ≤ hourly compared to those administering CHO > hourly. This may also be
applicable to the administration of CHO and protein. Therefore, more frequent administration
time should be more beneficial for post-exercise recovery, and should be a priority for athletes
attempting to optimize short-term muscle glycogen replenishment (Craven et al., 2021).
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However, having only one time of supplement administration per hour could be closer to the real
post-exercise condition. Multiple meta-regressions should be conducted in order to understand
how different variables such as age, administration intervals, the amount of CHO or protein, or
the ratio of different types of CHO and proteins could contribute to all the responses.
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(Table Continued)
AA
Ratio

0

0

0

0

0

0

0

0

0

0

AA
(g·kg-1·h-1)

CHO
Type
Glucose/
Maltodextrin
Glucose/
Maltodextrin
Glucose/
Maltodextrin
Dextrose/
Maltodextrin
Dextrose/
Maltodextrin
Dextrose/
Maltodextrin
Glucose/
Maltodextrin
Dextrose/
Maltodextrin
Dextrose/
Maltodextrin
Dextrose/
Maltodextrin
-

-

-

1:1

-

-

-

1:1

0.6

0.6

0.6

0.4

0.61

0.61

0.61

0.8

1.04

1.04

1:1
1:1

CHO
(g·kg-1·h-1)

CHO
Ratio
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Cepero

Betts
Howarth

Kaastra

Betts

van Hall-2
Jentjens

van Hall

van Loon-2

van Loon

Zawadzki

Author

1

Ingestion
Times
2
6
6
6
6
10
3
3
17
6
8
8
7
7
8
13
1
Notes

(Table Continues)

Only one beverage immediately after exercise

Beverages were provided immediately and 2h after exercise
Beverages (3.5 mL/kg) were provided immediately and per 30 min (until t=150) postexercise
Beverages (3.5 mL/kg) were provided immediately and per 30 min (until t=150) postexercise
Beverages (3.5 mL/kg) were provided immediately and per 30 min (until t=150) postexercise
Beverages (3.5 mL/kg) were provided immediately and per 30 min (until t=150) postexercise
Beverages (3.5 mL/kg) were provided immediately and per 30 min (until t=270) postexercise
Beverages were provided immediately and per 1h (until t= 120) postexercise
Beverages were provided immediately and per 1h (until t= 120) postexercise
A beverage (600 mL) was provided immediately & 150 mL per 15 min (until t=240) postexercise
Beverages (3.5 mL/kg) were provided immediately and per 30 min (until t=150) postexercise
Beverages were provided immediately and per 30 min (until t= 210) postexercise
Beverages were provided immediately and per 30 min (until t= 210) postexercise
Beverages were provided immediately and per 30 min (until t=180) postexercise
Beverages were provided immediately and per 30 min (until t=180) postexercise
Beverages were provided immediately and per 30 min (until t= 210) postexercise
Beverages were provided immediately and per 15 min (until t= 240) postexercise
Only one beverage immediately after exercise

Table 2. Characteristics of All Included Trials

Isocaloric control group

Isocaloric control group
Isocaloric control group

Isocaloric control group

30

T Churchward-Venne

M Dahl

T Churchward-Venne

O Sollie

K Cogan

L Breen
A Bagato
S Rahbek
P Rustad

Author

Notes

Only one beverage immediately after exercise
Only one beverage immediately after exercise

1

Beverages were provided immediately postexercise and at t=30
Only one beverage immediately after exercise
Only one beverage immediately after exercise
Beverages were provided immediately and per 30 min (until t=90) postexercise
Beverages were provided immediately postexercise and at t= 120
Beverages were provided immediately postexercise and at t= 120
Beverages were provided immediately and per 30 min (until t=90) postexercise
Only one beverage immediately after exercise
Only one beverage immediately after exercise
Only one beverage immediately after exercise
Beverages were provided immediately and per 30 min (until t=90) postexercise
Only one beverage immediately after exercise

1

Ingestion
Times
2
1
1
4
2
2
4
1
1
1
4
1

(Table Continued)

Isocaloric control group

Isocaloric control group
Isocaloric control group
Isocaloric control group
Isocaloric control group
Isocaloric control group
Isocaloric control group
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Year
2000
2000
2000
2000
2000
2001
2006
2006
2009

Ne
8
8
8
8
8
8
14
14
6

Me (nmol/L^n^h)
42.1
42.1
61
82.1
114.3
88.3
76.6
105.1
149.9

SDe
6
5.7
6.2
7.1
15.8
17.4
11.6
17.7
61.9

*SDe/SDc: Standard deviation of the experimental or control group

*Me/Mc: Mean value of the experimental or control group

*Ne/Nc: Number of subjects for the experimental or control group

Howarth

Kaastra

van Loon-2
Jentjens

van Loon

Author

Table 3. Data of the Included Trials for Insulin AUC
Nc
8
8
8
8
8
8
14
14
6

Mc (nmol/L^n^h)
42.4
42.4
42.4
42.4
60.9
43.6
36.4
36.4
113.9

SDc
7.9
7.9
7.9
7.9
6.9
5.8
3.3
3.3
76.2

Note
Plasma insulin AUC in 3 h
Plasma insulin AUC in 3 h
Plasma insulin AUC in 3 h
Plasma insulin AUC in 3 h
Plasma insulin AUC in 5 h
Plasma insulin AUC in 3 h
Plasma insulin AUC in 3.5 h
Plasma insulin AUC in 3.5 h
Plasma insulin AUC in 4 h
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Year
2009
2011
2014
2019
2019
2019
2020
2020
2020

Ne
6
10
12
12
12
12
12
12
12

Me (%/h)
0.088
0.087
0.1
0.058
0.062
0.063
0.051
0.061
0.063

*SDe/SDc: Standard deviation of the experimental or control group

*Me/Mc: Mean value of the experimental or control group

*Ne/Nc: Number of subjects for the experimental or control group

TA Churchward-Venne

TA Churchward-Venne

Author
KR Howarth
L Breen
SK Rahbek

Table 4. Data of the Included Trials for Muscle FSR
SDe
0.007
0.009
0.015
0.033
0.022
0.039
0.005
0.003
0.002

Nc
6
10
12
12
12
12
12
12
12

Mc (%/h)
0.06
0.057
0.082
0.062
0.062
0.062
0.04
0.04
0.04

SDe
0.007
0.007
0.01
0.026
0.026
0.026
0.003
0.003
0.003

Note
FSR average in 4h
FSR average in 4h
FSR average in 3h
FSR average in 2h
FSR average in 2h
FSR average in 2h
FSR average in 3h
FSR average in 3h
FSR average in 3h
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1.09
0.29
0.37
0.71
0.79
4.46
4.59
4.43
4.74
3.3
5.67
5.24
4.99
4.97
4.6
5.62
5.6
4.84

0

SDe
(0)
0.31
0.29
0.47
0.37
0.29
0.48
0.48
0.05
0.28
0.23
0.38
0.62
0.48
0.48
0.26
0.88
0.79
0.37
SDe
(30)
0.49
0.59
0.71
0.45
0.5
0.48
0.13
0.28
0.25
0.43

6.86 1.4
6.09 1.08
5.36 0.29

6.8 0.48
6.67 0.48

5.11
5.54
5.42
5.68
4.09
5.72
7.66
7.5
8.01
6.04

30
4.41
5.15
4.99
4.67
4.31
6.35
6.49
5.99
7.45
6.52
5.86
6.11
6.65
6.53
5.03
4.48
4.58
5.26

60

SDe
(60)
0.46
0.87
0.42
0.74
0.65
0.3
0.47
0.35
0.18
0.57
0.73
0.66
0.52
0.52
0.82
1.41
1.04
0.2
SDe
(90)
0.52
1.24
0.68
0.6
0.59
0.33
0.13
0.38
0.36
0.46

4.21 1.15
4.87 1.3

6.67 0.54
6.41 0.54

4.37
4.49
5.05
5.12
3.87
5.8
6.85
6.61
6.62
6.65

90
3.68
4.31
4.31
4.25
3.54
5.8
6.06
5.86
6.8
6.75
5.21
5.09
6.67
6.39
4.92
4.42
4.35

120

SDe
(120)
0.35
0.71
0.71
0.79
0.65
0.33
0.05
0.07
0.28
0.23
0.44
0.36
0.46
0.46
0.25
1.51
0.85
9
8
8
8
8
8
8
8
5
8
9
7
14
14
6
15
15
10

Nc
0
0.91
0.87
0.87
0.87
0.87
3.98
4.24
4.24
4.9
3.53
5.41
4.91
4.97
4.97
4.81
5.53
5.53
4.6

(Table Continues)

*Missing SDs are replaced by the average score of the SDs at the indicated time.

9
8
8
8
8
8
8
8
5
8
9
7
14
14
6
15
15
10

Year Ne

Zawadzki 1992
2000
2000
van Loon
2000
2000
van Loon-2 2000
2000
van Hall
2000
van Hall-2 2000
Jentjens 2001
2005
Betts
2005
2006
Kaastra
2006
Betts
2007
2010
Cepero
2010
Breen
2011

Author

Table 5. Data of the Included Trials for Plasma Glucose Peaks Over Time
SDc
(0)
0.3
0.31
0.31
0.31
0.31
0.09
0.09
0.25
0.14
0.41
0.6
0.26
0.8
0.8
0.32
SDc
(30)
0.24
0.73
0.73
0.73
0.73
0.38
0.07
0.07
0.18
0.5

7.14 1.2
7.14 1.2
4.58 0.38

7.16 0.51
7.16 0.51

6.37
6.24
6.24
6.24
6.24
6.87
7.38
7.38
9.56
6.54

30
6.09
5.71
5.71
5.71
5.71
7.34
6.85
6.85
8.12
7.25
6.69
6.3
8.24
8.24
5.92
5.3
5.3
4.71

60

SDc
(60)
0.43
0.42
0.42
0.42
0.42
0.41
0.41
0.41
0.32
0.55
0.73
0.66
0.53
0.53
0.8
1.84
1.84
0.34
SDc
(90)
0.35
0.78
0.78
0.78
0.78
0.39
0.37
0.37
0.23
0.45

4.16 1.22
4.16 1.22

7.89 0.56
7.89 0.56

5.66
4.97
4.97
4.97
4.97
7.23
6.96
6.96
7.42
7.16

90
4.75
4.93
4.93
4.93
4.93
6.34
5.8
5.8
7.05
6.84
5.29
5.45
7.59
7.59
5.07
3.61
3.61

120

SDc
(120)
0.44
0.95
0.95
0.95
0.95
0.51
0.13
0.13
0.12
0.5
0.45
0.36
0.51
0.51
0.25
0.91
0.91

34
0.3

0.27
0.46
0.33
0.54
0.48
0.48
0.48
0.31
0.4

SDe
(30)

SDe
(60)
0.29
0.14
0.53
0.43
0.46
0.52
0.52
0.52
0.19
0.4

3.13 0.27

4.7
7.86
8.17
7.84
7.03
5.52
5.99
6.21
7.25
3.96

60

3.78 0.37 3.23 0.33

3.95

7.56
7.38
7.55
7.11
7.55
8.08
7.94
7.4
5.1

30

7.32

8.11
6.35
6.58
7.93

90
4.55
5.94
4.84
4.84
5.25
5.31
5.31
5.31
3.37
1.32

0

12 1.32

12 1.32

SDe
SDe
120
Nc
(90)
(120)
8
0.14 8.17 0.2 8
0.25 5.6 0.38 11
0.28 6.16 0.18 11
0.58 8.02 0.62 8
12
12
12
0.23 7.28 0.19 9
12

*Missing SDs are replaced by the average score of the SDs at the indicated time.

0.3

2020 12 0.98

SDe
(0)
0.18
0.07
0.48
0.48
0.41
0.4
0.4
0.4
0.35
0.4
0.3

4.55
5.71
4.64
4.86
4.5
5.31
5.31
5.31
3.6
0.85

0

Churchward-Venne 2020 12 0.55

8
8
11
11
8
12
12
12
9
12

Year Ne

2014
2016
2018
Cogan
2018
Sollie
2018
2019
Churchward-Venne 2019
2019
Dahl
2020
2020

Bagato
Rustad

Author

(Table Continued)

0.5

0.5

SDc
(0)
0.21
0.11
0.45
0.4
0.4
0.4
0.4
0.5

SDc
SDc
60
(30)
(60)
4.52 0.16
0.23 8.59 0.2
0.51 8.37 0.46
0.51 8.37 0.46
0.5 8.26 0.37
0.4 6.79 0.29
0.4 6.79 0.29
0.4 6.79 0.29
0.27 9.16 0.38
0.64 4.97 0.47

6.69 0.64 4.97 0.47

6.69 0.64 4.97 0.47

7.83
7.6
7.6
7.07
9.1
9.1
9.1
7.82
6.69

30

0.16
0.41
0.41
0.37

8.43
6.1
6.1
8.02

0.18
0.28
0.28
0.5

SDc
SDc
120
(90)
(120)

7.97 0.38 7.36 0.35

8.77
7.04
7.04
8.6

90

35

1992
2000
2000
2000
2000
2001

K Zawadzki
van Loon-2

G. van Hall-2
R Jentjens

G. van Hall

Year

Author

9
8
8
8
5
8

Ne

Me
(μmol·g muscle protein·h-1)
35.8
35.2
33
33.9
52.1
35
3
5
3.9
3
7
31

SDe

Table 6. Data of the Included Trials for Muscle Glycogen Synthesis Rate

9
8
8
8
5
8

Nc

Mc
(μmol·g muscle protein·h-1)
25.7
44.8
27.9
27.9
47.9
35
2
6.6
5.1
5.1
5.1
34

SDc

Average in 4 hrs
Average in 5 hrs
Average in 3 hrs
Average in 3 hrs
Average in 1.5 hrs
Average in 1 hr

Note
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2000
2009
2010
2010
2016

G van Hall-2
M Cepero

P Rustad

M Cepero

Year

Author

5
15
15
15
8

Ne

122
64.7
78.4
64.7
99.5

0

SDe
(0)
15.4
12.4
15.5
12.4
2.8
118.1
81
93
81
63.4

30

SDe
(30)
17.4
10
19.2
10
7.2
91.6
80.7
93.3
80.7
50.5

60

SDe
(60)
13.8
11
17.3
11
6.4

Table 7. Data of the Included Trials for Plasma Glucagon Peaks Over Time

5
15
15
15
8

Nc
97.4
75.8
75.8
75.8
91.4

0

SDc
(0)
10.2
17.2
17.2
17.2
8.8
51.2
83.7
83.7
83.7
49.4

30

SDc
(30)
10.8
15.1
15.1
15.1
3.2
54.9
82.1
82.1
82.1
38.5

60

SDc
(60)
13.1
17
17
17
2.8
37.2

-

90

2

SDc
(90)
-
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Author
Year Ne
K Zawadzki 1992 9
2000 8
G van Hall
2000 8
G van Hall-2 2000 5
R Jentjens 2001 8
K Howarth 2009 6
2018 11
K Cogan
2018 11

0 SDe(0) End SDe(End) Difference SDe Nc 0 SDc(0) End SDc(End) Difference SDe Time
217.1 33.6
359
33.7
141.9
13.6 9 233
29.3 335.9
31.5
102.7
9.2 3 hours
107.7 29.3 210.1
18.6
102.4
8 107.1 25.9 194.2
23.3
87.1
1.5 hours
75.1
18
186.2
15.3
111.1
8 107.1 25.9 194.2
23.3
87.1
1 hours
68.2 10.1 146.6
16.9
78.4
5 89.2 23.7 161.5
27
72.3
4 hours
176
31
211
41
35
8 106
19
141
25
35
4 hours
x
x
x
x
63
17.6 6
x
x
x
x
84.3
25.9 3 hours
23.12 6.47 38.6
12.09
15.48
11 23.4 15.03 40.79
16.85
17.39
1 hours
18.45 11.96 30.93
11.3
12.48
11 23.4 15.03 40.79
16.85
17.39
4 hours

Table 8. Data of the Included Trials for Muscle Glycogen Storage (Supplemental)
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Figure1. Insulin Peaks at 30 Minutes

39

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 2. Funnel plot – Insulin Peak at 30 Minutes

41

Figure 3. Insulin Peaks at 60 Minutes

42

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 4. Funnel Plot – Insulin Peak at 60 Minutes

44

Figure 5. Insulin Peaks at 90 Minutes

45

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 6. Funnel Plot - Insulin Peaks at 90 Minutes

47

Figure 7. Insulin Peaks at 120 Minutes

48

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 8. Funnel Plot - Insulin Peaks at 120 Minutes

50

Figure 9. Insulin Peaks at 150 Minutes

51

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 10. Funnel Plot - Insulin Peaks at 150 Minutes

53

Figure 11. Insulin Peaks at 180 Minutes

54

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 12. Funnel Plot - Insulin Peaks at 180 Minutes

56

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 13. Insulin Peaks at 210 Minutes
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Figure 14. Funnel Plot - Insulin Peaks at 210 Minutes

58

*The data were sorted by the order: Intact or Hydrolysate > Protein types (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 15. Insulin Peaks at 240 Minutes
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Figure 16. Funnel Plot - Insulin Peaks at 240 Minutes
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Figure 17. Subgroup Analysis for Insulin Peaks at 30 Minutes
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Figure 18. Subgroup Analysis for Insulin Peaks at 60 Minutes
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Figure 19. Subgroup Analysis for Insulin Peaks at 90 Minutes
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Figure 20. Subgroup Analysis for Insulin Peaks at 120 Minutes
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*The data were sorted by the order: Protein type (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts > Carbohydrate amount

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 21. Forrest Plot: Insulin Area Under Curve (AUC)
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Figure 22. Funnel Plot - Insulin Area Under Curve (AUC)
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*The data were sorted by the order: Protein type (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts > Carbohydrate amount

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 23. Muscle Fractional Synthesis Rate (Muscle FSR)
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Figure 24. Funnel Plot - Muscle Fractional Synthesis Rate (Muscle FSR)
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Figure 25. Plasma Glucose Peaks at 30 Minutes
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*The data were sorted by the order: Intact or Hydrolysate > Protein type (Whey > Casein > Wheat > Milk) > Carbohydrate amount

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 26. Funnel Plot - Plasma Glucose Peaks at 30 Minutes

71

Figure 27. Plasma Glucose Peaks at 60 Minutes

72

*The data were sorted by the order: Intact or Hydrolysate > Protein type (Whey > Casein > Wheat > Milk) > Carbohydrate amount

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)

73

Figure 28. Funnel Plot - Plasma Glucose Peaks at 60 Minutes
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Figure 29. Plasma Glucose Peaks at 90 Minutes
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*The data were sorted by the order: Intact or Hydrolysate > Protein type (Whey > Casein > Wheat > Milk) > Carbohydrate amount

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 30. Funnel Plot - Plasma Glucose Peaks at 90 Minutes
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Figure 31. Plasma Glucose Peaks at 120 Minutes
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*The data were sorted by the order: Intact or Hydrolysate > Protein type (Whey > Casein > Wheat > Milk) > Carbohydrate amount

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

(Figure Continued)
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Figure 32. Funnel Plot - Plasma Glucose Peaks at 120 Minutes
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*The data were sorted by the order: Protein type (Whey > Casein > Wheat > Milk) > Protein & Amino acid amounts > Carbohydrate amount

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 33. Muscle Glycogen Synthesis Rate
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Figure 34. Funnel Plot - Muscle Glycogen Synthesis Rate
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*The data were sorted by the order: Intact or Hydrolysate > Protein type (Whey > Casein > Wheat > Milk) > Protein & Amino Acid Amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 35. Plasma Glucagon Peaks at 30 Minutes
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Figure 36. Funnel Plot - Plasma Glucagon Peaks at 30 Minutes
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*The data were sorted by the order: Intact or Hydrolysate > Protein type (Whey > Casein > Wheat > Milk) > Protein & Amino Acid Amounts

*Red line separates intact and hydrolyzed proteins

*Blue lines separate the type of proteins within each group (Intact protein or hydrolyzed protein)

Figure 37. Plasma Glucagon Peaks at 60 Minutes
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Figure 38. Funnel Plot - Plasma Glucagon Peaks at 60 Minutes

CHAPTER II: EXTENDED LITERATURE REVIEW
Rapid restoration of depleted muscle glycogen stores is essential to enhance postexercise
recovery and to maintain performance capacity for endurance-type athletes (Jentjens et al.,
2001). In addition, the ingestion of carbohydrate can inhibit muscle protein breakdown to further
spare muscle protein from consumption after exercise (Beelen et al., 2008; Børsheim et al.,
2004). Therefore, it is essential to ingest adequate amount of CHO to optimize glycogen
synthesis rates (Ivy et al., 1988a). This is why endurance athletes generally aim to maximize
postexercise muscle glycogen repletion rates by ingesting large amounts of carbohydrate during
recovery (Van Loon et al., 2000b). However, as previously described, the muscle glycogen
synthesis rate will gain no further increase once the amount of CHO intake is above 1.2 g‧kg-1‧h-1
(van Hall et al., 2000). Moreover, the addition of protein (and/or amino acids) (Jentjens et al.,
2001; van Hall et al., 2000) or an isoenergetic amount of CHO (Howarth et al., 2009) to such
CHO supplement also showed no effect on muscle glycogen synthesis rate although higher
plasma insulin concentrations were observed.
Short- or Long-Chain Carbohydrate
On the other hand, since the optimal type of CHO source is also unclarified, many research
had been done in order to answer this question. In a previous study, high and low glycemic index
CHO foods were provided to five well-trained cyclists respectively after prolonged exercise at 30
minute-intervals until 90 min postexercise, of which the intake of high glycemic index CHO
foods was reported to have significantly greater insulin response, and could lead to better muscle
glycogen repletion during the first 24 h of recovery (Burke et al., 1993). However, low glycemic
index CHO foods present greater muscle glycogen gains 48 h after the ingestion, which was
speculated to be led by the elevated insulin levels because of the slow digestion rate of complex
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CHO (Costill et al., 1981). Since both types of CHO foods were reported to be equally
successful in producing increased muscle glycogen stores after 72 h, it was suggested that simple
CHOs is more useful in the early stage after exercise due to a need for glycogen replenishing but
less valuable than complex CHOs in later stages (Roberts et al., 1988). Therefore, it is
recommended to consume a mixture of both types of CHO after exercise to achieve an optimal
insulin level over time.
Co-Ingestion of Fat
Besides the research on CHO, the co-ingestion of other macronutrients that could have
potential impacts on glycogen resynthesis were also investigated. Previous studies reported the
existence of competition between glucose and free fatty acid (FFA) as oxidative fuels, and the
maintenance of FFAs during physiological hyperinsulinemia resulted in a significant reduction in
muscle glycogen storage and glycogen synthase activity, which largely hinder the muscle
glycogen repletion process (Kelley et al., 1993; Ivy et al., 1988b). The conclusion was aligned
with the finding that lipid will replace CHO as fuel for oxidation in muscle and inhibit muscle
glucose uptake possibly by interfering with muscle glycogen formation during hyperinsulinemia
(Boden et al., 1991). The possible mechanism may be due to a buildup of long-chain acyl-CoA
after lipid ingestion in muscle. Hence, the co-ingestion of lipids or FFAs and CHO should be
avoided, or both nutrients should be consumed in a separate time.
Co-Ingestion of Protein (Synergistic Effect)
Contradicting to lipid, some previous studies discovered that co-ingestion of small amounts
of protein and/or amino acids (0.2-0.5 g‧kg bw -1‧h-1) with carbohydrate may further accelerate
muscle glycogen repletion and reduce muscle damage by increasing net muscle protein
availability (Koopman et al., 2005; Miller et al., 2003; Van Loon et al., 2000b; Hausswirth et al.,
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2011). This is considered to be led by the synergistic effect of the ingestion of carbohydrate and
protein mixtures, which promotes a greater insulin response (Nuttall et al., 1984; van Loon et al.,
2000b). In addition, such increase in insulin responses has also been suggested to accelerate
plasma glucose metabolism and can increase the efficiency of glycogen repletion by increasing
the activity of glycogen synthase (Bak et al., 1991; Ivy et al., 1998). Therefore, it is generally
recommended to ingest both CHO and protein for postexercise recovery. Considering the
benefits of any additional protein could be offset once the amount of CHO intake is above 1.2
g‧kg-1‧h-1 (Howarth et al., 2009; Jentjens et al., 2001; van Hall et al., 2000), the strategy of
protein and CHO supplementation is suggested by substituting some of the intake of CHO (<1 g
CHO‧kg-1‧h-1) with protein and/or amino acids. However, the exact amount and type of protein
source and the desired timing for protein administration are still under considerable debate.
Weight Management and Thermic Effect of Food (TEF)
Another essential aspect of protein ingestion is that protein may play an important role in
weight management. Many elite and recreational athletes are often struggled with body weight
for a better performance or body shape for aesthetic reasons during in-season or off-season
training whether they’re aiming to loss body fat or to gain lean muscle mass or both (Manninen
et al., 2004). Their aim could either be losing body fat or gaining lean muscle mass. Studies have
shown that protein induces a higher thermic effect of food (TEF), which is the increase in the
metabolic rate that occurs after a meal, than CHO and fat (Calcagno et al., 2019). Although TEF
accounts for only 10% of total energy expenditure (TEE), having protein in diet is a feasible
dietary strategy on weight management in the long-run (Calcagno et al., 2019). Furthermore,
TEF may contribute to a higher percentage of TEE in subjects with higher aerobic capacity (Hill
et al., 1984), which means this dietary strategy can be more effective on endurance-type athletes
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such as cyclists or marathon runners. Nevertheless, it is still unclear why protein can induce
roughly 17% higher TEF than CHO or fat remains unclear (Calcagno et al., 2019).
Insulin and Glucagon Response after the Ingestion of Protein
A reasonable explanation to the protein-induced TEF is an observable glucagon stimulation
in response to the hyperaminoacidemia after protein ingestion (Unger et al., 1969; Farnfield et
al., 2009). Classically, insulin and glucagon are described to have opposite effects on their target
tissues, and their secretion is considered to be inversely regulated (Holst et al., 2017). In other
words, any increase in insulin secretion is normally accompanied by glucagon suppression in
order to ensure the maintenance of glucose homeostasis. This phenomenon is apparent after
CHO ingestion (Unger & Orci, 2010) in deciding the rate of glycogen replenishing (Beelen et al.,
2008) and reduce plasma glucose levels (Holst et al., 2017). However, previous studies reported
that the ingestion of dietary protein or amino acid alone will lead to elevated plasma amino acid
levels, or hyperaminoacidemia, and induce a concurrent stimulation of both insulin and glucagon
secretion (Farnfield et al., 2009; Gannon et al., 2010; Ohneda et al., 1968; Unger et al., 1969;
van Loon et al., 2000a). It was also found that ingested protein didn’t raise the blood glucose
concentration in normal subjects, and the secretion of both insulin and glucagon vary with the
type of ingested protein (Gannon et al., 2010). Considering amino acid metabolisms, it is
reasonable to have secretion of both hormones after protein or amino acid ingestion since insulin
is essential to stimulate muscle amino acid uptake (Bonadonna et al., 1993) and glucagon
controls the stimulation of hepatic amino acid uptake, catabolism, and ureagenesis (Holst et al.,
2017). Insulin and glucagon have to interact synergistically to promote plasma amino acid
clearance and postprandial amino acid disposal (Ang et al., 2019). Meanwhile, protein-induced
hyperglucagonemia can effectively prevent a decline in blood glucose concentration secondary
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to aminogenic insulin secretion during CHO-free protein meals (Ohneda et al., 1968; Unger et
al., 1969). Therefore, glucagon secretion should be expected for the maintenance of normal
plasma glucose levels (i.e., euglycemia) following protein or amino acid ingestion.
Amino Acid Supplementation
Besides protein supplementation, another way to provide essential amino acids, which is to
consume amino acids directly, was discussed. From an intuitive standpoint, the ingestion of
protein may ultimately associate with the amino acid composition and/or the average amino acid
chain length of the protein source (van Loon, 2007). In other words, the ingestion of protein
should be similar to the ingestion of different combinations of amino acids. Amino acids can be
directly oxidized as fuel or be converted to glucose via gluconeogenesis (Tarnopolsky, 2004),
and the remaining amine group can be converted to alanine for further use (Harper, 1984). If all
the functions and effects of amino acids were understood, it is possible to find out an optimal
combination of amino acids or proteins with amino acids for different types of purposes.
However, the question remains unclear.
One commonly used amino acid is leucine. Leucine is one of the three branched chain
amino acids (BCAA) required by muscle for protein synthesis (Harper et al., 1984). The BCAAs
(i.e., leucine, isoleucine, and valine) play a regulatory role in protein metabolism (Moore et al.,
2014) and are oxidized preferentially during endurance exercise within skeletal muscle
(Koopman et al., 2004). Compared with isoleucine and valine, study has found that leucine
oxidation may increase 2- to 3-fold above resting rates during higher intensity exercise
(Mazzulla et al., 2017). In addition, the addition of leucine (0.1 g·kg-1·h–1) to the protein and
carbohydrate mixture could further stimulate insulin secretion, resulting in a 190% ± 33% insulin
response than the ingestion of carbohydrate only (Kaastra et al., 2006). Van Loon (2000c) also
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had the same result on endurance-type athletes in his study. However, it is worth noting that
excessive intake of one BCAAs could be detrimental according to animal models (Harper, 1984).
The cases included myocardial injury by triggering excessive reactive oxygen species production
and cause cell autophagy (Jiang et al., 2021) and lowered neurotransmitter synthesis (Garlick,
2004) although the toxicity on human is not fully understood. A possible explanation to the
detrimental effects of the ingestion of amino acids is the elevated plasma ammonia levels with
short duration (Saunders, 2007)
To further develop this idea, Saunders (2007) proposed that the metabolic benefits of
supplementation of whole proteins or balanced profiles of amino acids may be because of the
presence of NH 3 -binding amino acids such as glutamate, alanine, and glutamine. This finding
was supported by Bowtell (1999) that the supplementation of glutamine can promote glycogen
resynthesis from exhaustive exercise. Moreover, glutamine is a favored fuel and nitrogen source
for macrophages and lymphocytes, and the plasma glutamine levels reduce significantly after
prolonged endurance training (Bowtell et al., 1999; Castell et al., 1998). The ingestion of
glutamine may largely impact immune ability and postexercise recovering condition. These
findings suggested that the whole proteins such as whey protein or casein, and free amino acid
supplement that are comparatively rich in glutamine or other NH 3 -binding amino acids are
potentially better protein sources than branched chain amino acid (BCAA) alone.
Another amino acid is phenylalanine, which is similar to leucine in molecular weight and
transport characteristics (Harper, 1984). The ingestion of phenylalanine increases was found to
promotes both insulin and glucagon secretions (Nuttall et al., 2006). Other previous studies also
reported a significant increase in insulin by added phenylalanine and leucine with protein and
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carbohydrate mixtures (van Loon et al., 2000a; van Loon et al., 2000b; Jentjens et al., 2001).
However, again, the optimal types of protein sources remain unclarified.
Protein Hydrolysate
Some previous studies reported different results on the ingestion of protein or amino acid
with CHO. Koopman (2007b) found no further stimulation on postexercise muscle protein
synthesis when 0.3 g‧kg bw -1‧h-1 of casein protein is co-ingested with different amounts of
carbohydrate (0, 0.15, 0.6 g‧kg bw -1‧h-1) during recovery although an increased insulin levels
was observed. Fujita (2009) also found no differences on muscle fractional synthesis rate by
providing essential amino acids with carbohydrate compared with the ingestion of carbohydrate
only. These findings lead to a question that the difference on muscle protein synthesis and insulin
responses might because of the type of ingested protein.
Except intact proteins, protein hydrolysate is another protein source that has been used
interchangeably with intact proteins in previous research (Claessens et al., 2008; Koopman et al.,
2009; Manninen et al., 2004), and has already been used widely in clinical situations for patients
with gastrointestinal dysfunctions because of higher digestibility (Potier et al., 2008). However,
such advantage seems inconspicuous in healthy individuals. Claessens (2008) reported no
differences in insulin and glucagon responses between the ingestion of fast digestible protein
hydrolysate and its non-hydrolyzed counterpart such as soy and whey proteins among healthy
subjects. Similarly, Cogan (2018) compared the ingestion of intact and hydrolyzed caseinate
proteins on insulin responses and muscle protein synthesis in trained cyclists, but no differences
were found between the ingestion of intact and hydrolyzed protein. However, it is worth noting
that, in this study, plasma amino acid responses after the ingestion of intact caseinate protein
were in general lower than the responses observed after the ingestion of caseinate protein
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hydrolysate over the 2-h period (Cogan et al., 2018). The rapidly elevated plasma amino acids
concentrations seen can largely increase the muscle amino acid availability and be more helpful
for muscle protein synthesis. Perhaps the advantages of ingesting protein hydrolysate would be
more pronounced after resistance or high-intensity exercises, where muscle damage typically
occurs (Heavens et al., 2014) and the amino acid availability would be more demanding. More
research is warranted to understand the supplementation of protein hydrolysate differences
between the ingestion of intact and hydrolyzed proteins for different types of exercises.
Sex-Based Differences in Recovery from Endurance Exercise
To avoid sex-based differences, male and female athletes were generally discussed
separately. It is of importance to understand how gender will influence strategies for postexercise
recovery. Sex hormones are considered key biological contributors to sex-based differences in
substrate utilization. Previous studies reported that, in animal models, estrogen secreted by
female rat promotes lipolysis and increases fatty acid availability (Ellis et al., 1994; Hansen et
al., 1980). In addition, animal models also showed that estrogen can increase the rate of
gluconeogenesis and can spare both muscle and liver glycogen during exercise (Hatta et al.,
1988; Matute et al., 1973). In other words, estrogen promotes endurance performance by hepatic
glycogen sparing (Devries et al. 2007) and increases the capacity of fat mobilization (Sandbakk
et al., 2018). These findings were confirmed by Hamadeh (2005) in humans. Hamadeh (2005)
found that estrogen supplementation significantly decreased CHO and amino acid (leucine)
breakdown but significantly increased lipids as a fuel source at rest and during exercise on
recreationally active male subjects. Which provides possible explanation to the greater reliance
on carbohydrate for men than women since women have higher estrogen concentrations (Cano et
al., 2021). Considering the amount of carbohydrate, which presents as muscle glycogen storage
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in muscle, is directly related to muscle fatigue during exercise (Coyle et al., 1983), lower
reliance on carbohydrate induced by estrogen could be one of the main reasons why females with
relative body mass and composition are more fatigue resistant than males during endurance-type
exercise (Hunter, 2014).
Despite these in-exercise differences, studies have revealed no differences between males
and females in postexercise strategies for nutritional recovery. Kuipers (1989) studied glycogen
resynthesis following a bike ergometer exercise to exhaustion in endurance-type athletes in both
genders, and found no difference on glycogen repletion between males and females after 2.5
hours of exercise by carbohydrate supplementation. Tarnopolsky (1997) further extended this
idea by providing three solutions: a placebo, a 1g/kg per body weight (bw) of carbohydrate, and
a 0.7 g‧kg bw -1 of carbohydrate with 0.1 g‧kg bw -1 of protein and 0.02 g‧kg bw -1 of lipids,
immediately and 1 hour after exercise for both genders to examine their rate of glycogen
resynthesis. Again, no difference on glycogen resynthesis rate was found between males and
females. This suggests the carbohydrate supplementation strategy for both male and female
athletes should be the same, where males and females consume the same proportion of
carbohydrate corresponding to their body weight as soon as possible when the time for
postexercise recovery is short (usually less than 2 hours) (Hausswirth et al., 2011). This
conclusion is especially important for athletes whose training sessions either occur more than
twice every day or are very prolonged (Ivy et al., 2002). It is also worth noting that no difference
is observed in terms of glycogen repletion as carbohydrate are consumed in the form of solids
and liquids (Burke et al., 2004). Finally, since there’s no difference between both genders on
postexercise carbohydrate requirements, it is recommended to have a minimum of 5 g‧kg bw 1

‧day-1 of carbohydrate intake for general training, and 7 to 10 g‧kg bw -1‧day-1 for the increased
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need of endurance athletes (Burke et al., 2001; Manore et al., 1999). In addition, the hourly
carbohydrate intake should be the same as chapter 1 has discussed no more than 1.2 g‧kg bw -1‧h1

.
Since the nutritional strategies for males and females should be the same, the daily

protein and carbohydrate intakes are recommended to be in a 3:1 (carbohydrate:protein) ratio
(Hausswirth et al., 2011). This 3:1 ratio is also adopted as hourly standard carbohydrate and
protein intakes in previous studies (Breen et al., 2011; Churchward-Venne et al., 2019).
However, as this meta-analysis has discussed, lipid supplementation is not recommended for
short-term postexercise recovery within 2 hours. On the other hand, from a daily standpoint, both
protein and lipid are equally important. Although females were considered to have less protein
breakdown during exercise, it is still recommended that female athletes should have daily protein
intake superior to the recommendation value for standard population. Phillips (1993)
demonstrated that a daily protein intake should at least surpass 0.8 g‧kg bw-1‧day-1 to activate the
mechanisms of recovery for female athletes, and the daily protein intake for both genders should
be 1.2-1.4 g‧kg bw-1‧day-1 (Hausswirth et al., 2011). For female athletes specializing in strength
sports, this value should reach 1.4-1.8 g‧kg bw-1‧day-1. Finally, it is recommended to have lipid
consumption supplies no less than 15% of daily caloric intake in order to avoid any detrimental
consequence (Larson-Meyer et al., 2002).
Muscle Protein Synthesis and Breakdown
It is worth discussing how endurance exercise will affect muscle and whole-body protein
metabolism and how postexercise nutritional supply will bring changes to these factors.
Endurance exercise has been shown to augment both myofibrillar protein synthesis (MyoPS) and
mitochondrial protein synthesis (MitoPS) (Moore et al., 2014; Churchward-Venne et al., 2019).
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However, the influences of endurance exercise on two types of muscle are not even, which is
decided by the type and intensity of exercise. For example, cycling protocol may have a more
potent and concentrated stimulus on the vastus lateralis muscle (Bijker et al., 2002), which is the
site that muscle biopsies are commonly obtained to quantify muscle fractional synthesis rate
(FSR) (Wagenmakers, 1999). In contrast, running is more influential to whole-body muscle
synthesis (Millet et al., 2009). On the other hand, Di Donato (2014) found that exercise intensity
can extend the duration of muscle protein synthesis. The study included two cycling groups with
different exercise intensity (low intensity: 60 min at 30% Wmax; high intensity: 30 min at 60%
Wmax), and found that MyoPS increased in the first 4.5 hours for both groups but remained
elevated until 24 to 28 hours postexercise. Moreover, MitoPS in the high intensity group was
significantly higher than the low intensity group at all time.
To understand muscle protein breakdown or synthesis, one must also know that skeletal
muscle mass is largely determined both by protein degradation and by the difference between the
rates of mRNA translation (which represents protein synthesis) (Goodman, 2019). One major
regulator of translation is the protein kinase known as mTOR (the mammalian/mechanistic target
of rapamycin) found in the multiprotein complex, mTOR complex 1 (mTORC1) (Goodman,
2019). mTORC1 controls skeletal muscle protein synthesis through transcription, translation and
mitochondrial biogenesis during exercise (Apró et al., 2013). It is known that mTORSer2448
regulates both MyoPS and MitoPS after exercise, and the expression of mTORSer2448 can be
observed through mTORSer2448 phosphorylation (Engelke et al., 2016). For example, high
intensity aerobic exercise has been shown to increase mTORSer2448 phosphorylation (p‐
mTORSer2448) (Di Donato et al., 2014). On the other hand, the downstream of mTORC1 signaling
targets include p‐S6KThr389, p‐S6Ser235/236 , p‐S6Ser240/244, and p‐4EBP1Thr37/46 (Philp et al., 2015)

96

were also investigated. When mTORC1 is activated (phosphorylated) for protein synthesis, it
may also phosphorylate its downstream signaling targets (Goodman, 2019). Therefore, by
measuring the phosphorylation status of these downstream signaling targets, it is possible to have
a clearer image of how muscle protein synthesis is controlled during the recovery period after
exercise (Churchward-Venne et al., 2019). However, no research to date has reported how p‐
S6KThr389, p‐S6Ser235/236, p‐S6Ser240/244, or p‐4EBP1Thr37/46 are changed during exercise or bring
changes to MyoPS or MitoPS.
Finally, the effects of postexercise protein supplementation on MyoPS and MitoPS also
remain unclear. Churchward-Venne (2020) showed that ingestion of 30 g protein can maximize
MyoPS rates after exercise but not MitoPS. In their previous study, Churchward-Venne (2019)
compared the ingestion of milk, whey, and micellar casein protein with carbohydrate on mixedmuscle protein synthesis on recreationally active men after resistance- and endurance-type
exercise. Although MyoPS and MitoPS rates showed no differences between the ingestion of the
three protein and carbohydrate mixtures, co-ingestion of protein with carbohydrate still results in
greater MyoPS compared with the ingestion of carbohydrate only. However, no significant
difference on MitoPS rates was found between the ingestion of protein with carbohydrate and
carbohydrate only (Churchward-Venne et al., 2019). Perhaps MyoPS and MitoPS are more
influenced by the type and intensity of exercise but less affected by the way of nutritional
supplementation. More research is warranted to understand how different combinations of
protein and/or amino acids with carbohydrate could induce MyoPS and MitoPS changes.
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